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We discuss a nonperturbative mechanism for the single-spin asymmetries in the strong interaction. This
mechanism is based on the existence of a large anomalous quark chromomagnetic moment induced by
the nontrivial topological structure of QCD vacuum. Our estimations within the instanton liquid model for
QCD vacuum show that AQCM generates very large SSA on the quark level. Therefore, this mechanism can
be responsible for the anomalously large SSA observed in different high energy reactions with hadrons.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
One of the longstanding problems in strong interaction is the
understanding within QCD of the mechanism that is responsible
for the large single-spin asymmetries (SSA) observed in numer-
ous high energy reactions with hadrons. Many different approaches
were suggested to solve this problem (see recent papers and re-
view [1–3] and references therein). Most of them are based on
the assumption of the so-called transverse-momentum-dependent
(TMD) factorization [4–7]. The validity of this assumption is not
clear so far [8]. Furthermore, in our Letter we will show the ex-
istence of the nonperturbative QCD mechanism which violates ex-
plicitly the TMD factorization for SSA.
It is well known that SSA arises from interference of different
diagrams and should include at least two ingredients. First off all,
it should be a helicity-ﬂip in the scattering amplitude and sec-
ondly, the amplitude should have a nonzero imaginary part. The
small current masses of quarks are only a source in perturbative
QCD (pQCD) for helicity-ﬂip. Furthermore, the imaginary part of
the scattering amplitude, which comes from loop diagrams, is ex-
pected to be suppressed by extra power of the strong coupling
constant αs . As a result, pQCD fails to describe large observed SSA.
On the other hand, it is known that QCD has a complicated struc-
ture of vacuum which leads to the phenomenon of spontaneous
chiral symmetry breaking (SCSB) in strong interaction. Therefore,
even in the case of a very small current mass of the quarks their
dynamical masses arising from SCSB can be large. The instanton
liquid model of QCD vacuum [9,10] is one of the models in which
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SCOAP3.the SCSB phenomenon arises in a very natural way due to quark
chirality ﬂip in the ﬁeld of strong ﬂuctuation of the vacuum gluon
ﬁeld called instanton [12,11]. The instanton is the well-known so-
lution of QCD equation of motion in the Euclidean space–time
which has nonzero topological charge. In many papers (see reviews
[9,10,13]), it was shown that instantons play a very important role
in hadron physics. Furthermore, instantons lead to the anomalous
quark–gluon chromomagnetic vertex with a large quark helicity-
ﬂip [14,10]. Therefore, they can give the important contribution to
SSA [14–18,10,19].
In this Letter, we will present the ﬁrst consistent calculation
of SSA in the quark–quark scattering based on the existence of the
anomalous quark chromomagnetic moment (AQCM) induced by in-
stantons [14].1
2. Quark–gluon interaction in nonperturbative QCD
In the general case, the interaction vertex of a massive quark
with a gluon, Fig. 1, can be written in the following form:
Vμ
(
p21, p
′ 2
1 ,q
2)ta = −gsta
[
F1
(
p21, p
′ 2
1 ,q
2)γμ
+ σμνqν
2Mq
F2
(
p21, p
′ 2
1 ,q
2)], (1)
where the ﬁrst term is the conventional perturbative QCD quark–
gluon vertex and the second term comes from the nonperturbative
sector of QCD.
In Eq. (1) the form factors F1,2 describe nonlocality of the
interaction, p1, p′1 are the momenta of incoming and outgoing
1 The semi-classical mechanism for SSA based on large AQCM has recently been
discussed in papers [20,21].under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by
118 N. Kochelev, N. Korchagin / Physics Letters B 729 (2014) 117–120Fig. 1. (a) Perturbative helicity non-ﬂip and (b) nonperturbative helicity-ﬂip quark–
gluon vertices.
quarks, respectively, q = p′1 − p1, Mq is the quark mass, and σμν =
(γμγν − γνγμ)/2.
The form factor F2(p21, p
′ 2
1 ,q
2) suppresses the AQCM ver-
tex at short distances when the respective virtualities are large.
Within the instanton model it is explicitly related to the Fourier-
transformed quark zero-mode and instanton ﬁelds and reads
F2
(
p21, p
′ 2
1 ,q
2)= μaΦq(|p1|ρ/2)Φq(∣∣p′1∣∣ρ/2)F g(|q|ρ),
where
Φq(z) = −z d
dz
(
I0(z)K0(z) − I1(z)K1(z)
)
, (2)
F g(z) = 4
z2
− 2K2(z), (3)
Iν(z), Kν(z) are the modiﬁed Bessel functions and ρ is the instan-
ton size.
We assume F1 ≈ 1 and F2(p21, p′ 21 ,q2) ≈ μa F g(q2) since va-
lence quarks in hadrons have small virtuality.
Within the instanton liquid model [9,10], where all instantons
have the same size ρc , AQCM is [22]
μa = −3π(Mqρc)
2
4αs
. (4)
In Eq. (4), Mq is the so-called dynamical quark mass. We would
like to point out two speciﬁc features of the formula for AQCM.
First, the strong coupling constant enters into the denominator
showing a clear nonperturbative origin of AQCM. The second fea-
ture is the negative sign of AQCM. As we will see below, the sign of
AQCM leads to the deﬁnite sign of SSA in the quark–quark scatter-
ing. The value of AQCM strongly depends on the dynamical quark
mass which is Mq = 170 MeV in the mean ﬁeld approximation
(MFA) [9] and Mq = 350 MeV in the Diakonov–Petrov model (DP)
[10]. Therefore, for ﬁxed value of the strong coupling constant in
the instanton model, αs ≈ π/3 ≈ 0.5 [10], we get
μMFAa = −0.4, μDPa = −1.6. (5)
We would like to mention that the Schwinger-type of the pQCD
contribution to AQCM
μ
pQCD
a = − αs12π ≈ 1.3 · 10
−2 (6)
is by several orders of magnitude smaller in comparison with the
nonperturbative contribution induced by instantons, Eq. (5), and,
therefore, it can give only a tiny contribution to spin-dependent
cross sections [24].2
3. Single-spin asymmetry in high energy quark–quark scattering
induced by AQCM
The SSA for the process of transversely polarized quark scat-
tering off unpolarized quark, q↑(p1) + q(p2) → q(p′1) + q(p′2), is
deﬁned as
2 Recently, a rather large AQCM has been obtained within the approach based on
the Dyson–Schwinger equations (see review [23] and references therein).Fig. 2. Contribution to SSA arising from different diagrams.
AN = dσ
↑ − dσ ↓
dσ ↑ + dσ ↓ , (7)
where ↑↓ denote the initial quark spin orientation perpendicular
to the scattering plane and
dσ ↑↓ = |M(↑↓)|
2
2I
dPS2(S,qt), (8)
where I is the initial ﬂux, S = (p1 + p2)2, M(↑↓) is the matrix
element for the different initial spin directions, dPS2(S,qt) is the
two-particle phase space and qt = p1′t − p1t is the transverse mo-
mentum transfer. In the high energy limit S  q2t ,M2q , we have
I ≈ S and dPS2(S,qt) ≈ d2qt/(8π2S).
In terms of the helicity amplitudes [25,26]
Φ1 = M++;++, Φ2 = M++;−−, Φ3 = M+−;+−,
Φ4 = M+−;−+, Φ5 = M++;+−,
where the symbols + or − denote the helicity of quark in the c.m.
frame, SSA is given by
AN = − 2 Im[(Φ1 + Φ2 + Φ3 − Φ4)Φ
∗
5 ]
|Φ1|2 + |Φ2|2 + |Φ3|2 + |Φ4|2 + 4|Φ5|2) . (9)
In Fig. 2, we present the set of diagrams which give a signiﬁcant
contribution to AN . Higher order terms in μa and αs are expected
to be suppressed by a small instanton density in QCD vacuum [9]
and by a large power of the small strong coupling constant.
For estimation, we take the simple form for the gluon propaga-
tor in the Feynman gauge
Pμν
(
k2
)= gμν
k2 −m2g
,
where mg can be treated as the infrared cut-off related to con-
ﬁnement [29], or as the dynamical gluon mass [30,31]. Within the
instanton model this parameter can be considered as the effect of
multiinstanton contribution to the gluon propagator.
By using in the high energy limit the Gribov decomposition for
the metric tensor into the transverse and longitudinal parts
gμν = gtμν +
2(p2μp1ν + p2ν p1μ)
S
≈ 2(p2μp1ν + p2ν p1μ)
S
and the Sudakov parametrization of the four-momenta of particles
[27,28]
qi = αi p2 + βi p1 + qi,t, qi,t p1,2 = 0, q2i,t = − 	q2i < 0,
we ﬁnally obtain
AN = −
5αsμaqt(q2t +m2g)
12πMq
Fg(ρ|qt |)N(qt)
D(qt)
, (10)
where
N(qt)
=
∫
d2kt
(1+ μ2a(qt · kt + k2t )F g(ρ|kt |)F g(ρ|qt + kt |)/(2M2q )
(k2 +m2)((k + q )2 +m2))t g t t g
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different values of the dynamical quark mass [9,10,22].
Fig. 4. The leading contributions to SSA in SIDIS.and
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))2)2
+ α
2
s (q
2
t +m2g)2
12π2
(∫
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)2
.
4. Results and discussion
In Fig. 3, the result for AN as the function of transverse momen-
tum is presented for different values of the dynamical quark mass
Mq and the parameter infrared cut-off mg . Our results show that
SSA AN induced by AQCM is very large and practically independent
of particular values of Mq and mg . We would like to stress also
that AN in our approach does not depend on c.m. energy. The en-
ergy independence of SSA is in agreement with experimental data
and in contradiction with naive expectation that spin effects in
strong interaction should vanish at high energy [32]. One can show
that this property is directly related to the spin one t-channel
gluon exchange. Another remarkable feature of our approach is a
ﬂat dependence of SSA on transverse momentum of a ﬁnal parti-
cle, Fig. 3. It comes from a rather soft power-like form factor in
the gluon–quark vertex, Eq. (3), and a small average size of instan-
ton, ρc ≈ 1/3 fm, in QCD vacuum [9]. Such a ﬂat dependence has
recently been observed by the STAR collaboration in the inclusive
π0 production in high energy proton–proton collision [33] and was
not expected in the models based on TMD factorization and ad hoc
parametrization of Sivers and Collins functions [3]. Finally, the sign
of the SSA is deﬁned by the sign of AQCM and should be positive,
Eq. (10). This sign is very important in explaining of the signs of
SSA observed for inclusive production of π+ , π− and π0 mesons
in proton–proton and proton–antiproton high energy collisions (see
discussion and references in [3,32]).
It is evident that the instanton induced helicity-ﬂip should also
give the contribution to SSA in the meson production in semi-
inclusive deep inelastic scattering (SIDIS) where large SSA in π -
and K -meson production was observed by HERMES [34] and byCOMPASS Collaborations [35]. In the leading order in the instan-
ton density the nonzero contribution to SSA in SIDIS is expected to
come from the interference of diagrams presented in Fig. 4. Here,
the imaginary part arises from ﬁnal state perturbative and non-
perturbative interactions of the current quark with the spectator
system. The real part of the amplitude presented by two ﬁrst dia-
grams includes perturbative helicity-conserved photon–quark ver-
tex and the instanton induced helicity-ﬂip vertex. The Pauli form
factor corresponding to the last vertex was calculated in [38].
We should emphasize the signiﬁcant difference between our
approach to SSA in SIDIS and perturbative ﬁnal state interaction
model presented in [39]. In particular, one can expect that the
main contribution comes from the kinematical region where the
virtuality of gluon in Fig. 4 is small. Therefore, soft gluon interac-
tion with quarks should be highly nonperturbative. Furthermore,
the helicity ﬂip in [39] is related to the wave function of the nu-
cleon. Due to that, SSA coming from this mechanism, might be
signiﬁcant only in the region of small transverse momentum of
the ﬁnal meson kt ≈ ΛQCD ≈ 250 MeV. In our approach, we ex-
pect the large SSA at higher transverse momentum because the
averaged instanton size is much smaller than the conﬁnement size
ρc ≈ Rconf /3. This qualitative observation corresponds to the ex-
perimental data presented by HERMES and COMPASS where large
SSA was observed only at rather large kt . Additionally, a signiﬁ-
cant Q 2 dependence of SSA found by COMPASS Collaboration [35]
might be related to the strong Q 2 dependence of the nonpertur-
bative photon–quark vertex presented by second diagram in Fig. 4.
The additional contribution to SSA induced by instantons was
suggested in the papers [18] and [19]. It is based on the results
from [36], where the effects of instantons in the nonpolarized deep
inelastic scattering process were calculated in a careful way.3 In
this case, the effect arises from phase shift in the quark propagator
in the instanton ﬁeld. This contribution might be considered as
complementary to the AQCM effect.
3 This approach was applied to the Drell–Yan process [37] as well.
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single-instanton approximation (SIA) for AQCM [14], the effects of
the multiinstantons, which are hidden in the value of dynamical
quark mass in Eq. (4), are also taken into account in the effective
way. The accuracy of such SIA was discussed in various aspects
in [40]. By analyzing of several correlation functions the authors
claimed that dynamical quark mass can be different from the MFA
value Mq = 170 MeV. However, as it was discussed above, SSA in-
duced by AQCM has rather a weak dependence on the value of
dynamical mass, Fig. 3. Therefore, we believe that some effects be-
yond SIA cannot lead to a signiﬁcant change of our results. Further-
more, we would like to mention that the SSA mechanism based
on AQCM is quite general and might happen in any nonperturba-
tive QCD model with the spontaneous chiral symmetry breaking.
The attractive feature of the instanton liquid model is that within
this model this phenomenon comes from rather small distances
ρc ≈ 0.3 fm. As the result, it allows to understand the origin of
large observed SSA at large transverse momentum.
In summary, we calculated the SSA in the quark–quark scat-
tering induced by AQCM and found that it was large. This phe-
nomenon is related to the strong helicity-ﬂip quark–gluon interac-
tion induced by the topologically nontrivial conﬁguration of vac-
uum gluon ﬁelds called instantons. Our estimation shows that the
suggested mechanism can be responsible for anomalously large
SSA observed in different reactions at high energies. We would
like to stress that quark–gluon and quark–photon nonperturba-
tive interactions violate the TMD factorization in inclusive meson
production in both hadron–hadron and deep inelastic scatterings.
Therefore, it cannot be treated as some additional contribution
to the Sivers distribution function or to the Collins fragmentation
function. It is evident that the nonfactorizable mechanism for SSA
based on AQCM can be extended to other spin-dependent observ-
ables, including double-spin asymmetries in inclusive and exclusive
reactions.
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